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SUMMARY

This report presents the results of a -_-mIprlmsive literature search and deft
surveY for the electrical, electrodeo, optical, and thermal radiative properties of nqh-
Its intercalates and for the thermal cInauctivity, thermal. dLffusivity thermal exansion.
speciftc beat, and hat of fusoon of several aircraft sbtrutua =@e and a~oys for both
the solid and liquid states in the vicinity of the melt point.

The fimdng an the propeirties of grapit intercalates a"re sma ise n the
table an the neot page, where the letter "ID" indicates the avilbility of some dat for
that property ot that material.
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Cesium Carbide (CsC8) D D

Potassium Carbide (KCS) D D

Rubidium Carbide (RbCs) D D

Graphite, Boron Filled D

Graphite, Bromide Filled D D D

Graphite, Bromine Filled D

Graphite, Chloride Filled D

Graphite, Chlorine Filled D D

Graphite, Fluorine Filled D
Graphite, ithiu= Acetate Aqueous

Solution Filled D

Graphite, Nickel Filled D D D

Graphite. (Nonspecific) Fired D

Graphite, Potassium Filled D D

Graphite. Thorium Oxide Filled D

Graphite, Thorium Oxide + Nitric Acid
Solution Filled D

Gnphite, Uranium Carbide Filled D

GrapIte, Yttrimn Oxide Filled D
Graphite, Yttrium Oxide + Nitric Acid

Solion Filled D
Graphite, Zirconium Carbide Filled D

Graphite, Silicon Carbide Bonded D D
Graphite, Silicon Carbide Coated D
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The fj m ethe rm o prperies ot the several metals and aloy

ae summarized in the following table with the letms "D" and "V" having the llowing

D - Data o" reor nmmedd values avaglabla

SV - Dta not available but elunated va ues otible.

Thermal Thermal Thermal specofc Heat at
Conductivity Diffuuivity Expmion Heat Fusion

Below Above Below Above Below Above Below Above
.P. M.P. M.P. M.P. M.P. M.P. M.P. l.P.

Aluminum D D D D D V D D D

AlAlloy
7075-T6 V V V V V V V V V

Titanium D V D V V V D D D

6AI-4V V V V V V V V V V

Mg + Al Alloys V V V V V V. V V D

stainless Steels
AIM 304 and
347 D V V V V V V V V
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1. PROPERTIES OF GRAPIUTE INTERCALATES

1. INTRODUCTION

Presented in this section are the results of a comprehensive survey of the

available dat on the electrical, electronic, optical, and thermal radiative properties

of graphite intercalates. The properties on which data are uncovered Include electrical

resistivity, Hall coefficient, magnetoresistance, thermoelectric power, energ gap.
thermionic emission, work function, emittance, and reflectaince. The materials reported

herein Include graphite Intercalation compounds (which are graphite compounds where
atom and molecules have been inserted into the graphite matrix material thus giving

rise to periodically alternating atomic arrangements of the graphite matrix and the In-

troduced material) and graphite-base materials filled with various substances.

The temperature ranges of the available data for the properties of the materials

together with the source references are presented in the next subsection. A summary
of the findings is given in the SUMMARY.

4'
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2. AVAILABLE DATA

A. Electrical Resistivity

Material Temperature K) Reference Remarks

(1) Cesium Carbide (CaCs ) 50-310 1
(2) Potassium Carbide (KC8) 50-300 1

I - (3) Potassium Carbide (KCM) 50-300 1
(4) Rubidium Carbide (RbCI) 50-300 1

(Sa) Graphite, Bromide Filled 93-298 2 Resistance ratio
(5b) Graphite, Bromide Filled 77-2238 3 Resistance ratio
(5c) Graphite, Bromide Filled 90-288 4 Conductance
(6) Graphite, Chlorine Filled 298 3 Resistance ratio
(7) Graphite, Fluorine Filled 90-288 4 Resistance ratio
(8) Graphite, Potassium Filled 90-288 4
(9) Graphite, Nickel Filled 223-1473 5

(10) Graphite, (Nonspecific) Flled 203-973 6
(11) Graphite, Uranium Carbide

Filled 253-1173 7

B. Hall Coefficient

Material Temperature (K) Reference Remarks

(1) Graphite, Bromide Filled 77-2238 3
(2) Graphite, Chloride Filled 298 3
(3) Graphite, Nickel Filled 223-1473 6

C. Magnetoresistance

Material Temperature (K) Reference Remarks

(1) Cesium Carbide (CsCs) 50-300 1 Magnetic field 4880 G
(2) Potassium Carbide (KC) 50-300 1 Magnetic field 4880 G
(3) Potassium Carbide (KCxg) 50-300 1 Magnetic field 4880 G
(4) Rubidium Carbide (RbCs) 50-300 1
(5) Graphite, Bromide Filled 298 3 Magnetic field 0-14000 G

D. Thermoelectric Power

Material Temperature (K) Reference Remarks

(1) Graphite, Boron Filled 298 8 Thermoelectric power
(2) Graphite, Bromine Filled 298 4 Thermoelectric voltage
(3) Graphite, Fluorine Filled 298 4 Thermoelectric voltage
(4) Graphite, Potassium Filled 298 4 Thermoelectric voltage

'E. Energy Gap

Material Temperature (K) Reference Remarks

* (1) Graphite, Nickel Filled 223-1473 5

2
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F. Thermionic Emission

Material Temperature (K) Reference Remarks

(1) Graphite, Yttrium Oxide
Filled 398-523 9

(2) Graphite, Thorium Oxide
Filled 298-523 9

G. Work Function

Material Temperature (K) Reference Remarks

(1) Graphite, Lithium Acetate
Aqueous Soln Filled 1823 9

(2) Graphite, Yttrium Oxide +
Nitric Acid Soln Filled 1823 9

(3) Graphite, Thorium Oxide +
Nitric Acid Soln Filled 1823 9

H. Emittance

Material Temperature (K) Reference Remarks

(la) Graphite, SIC Bonded 505-1617 10 Total normal
(1b) Graphite, SC Bonded 645-1645 11 Black body radiation
(Ic) Graphite, SC Bonded 645-1645 12 Black body radiation
(2a) Graphite, SiC Coated 645-1645 12 Black body radiation
(2b) Graphite, SC Coated 645-1645 12 Black body radiation

I. Reflectance

Material Temperature (K) Reference Remarks
(la) Graphite, SIC Bonded 700-1645 13 Total normal
(Ib) Graphite, SIC Bonded 700-1645 14 Total normal

(2) Graphite, ZrC Filled 298 15 Measured data 0-60
Vol. % Graphite

j 3
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DI. PROPERTIES OF AIRCRJAFT STRUCTURAL META MDI
ALLOYS I THE VICIiTY OF THE M1ELTING POIT

1. INTODUCTION

Presented in this section are the results of a cmrebemuiv. siWVs of the
available data on the thermal codctvty hrmal diffusivWt, thermal exanion,
specific hat, and had of fusion of several aircraft structural metals and alloyrs (alum-
1mmn, alumiynm alloy 7075-T6, titanium, titnium alloy 6A1-4V, magnesium + alimaim
alloys, and stainless steels 304 and 347) for both the solid and liquid states in the vicin-
ity of the melting point. As seen from. what Is presented In the neot subsection, dats.
are nct available for most of the cases. However, for each of such cases, the feasibility
of estimatin the needed values was studied and the possible method for the estimation
Is discussed.

The tepeare ranges of the available data for the properties of the materials
together with the source references are presented In the neot subsection. A summary
of the find'ing s given in the SUMMARY.
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2. AVAILABLE DATA

A. Thermal Conductivity

a. Aluminum

The melting point of pure alminmi Ia 933. 5 L. There are plent of -qp rimeotal

data on the thermal onducativity and electrical resistivity of pure alumnum mear the

meltin point In solid and liquid states. TPRC has already generated the recomened
thermal co -utvity values for pure aluminum in solid and liquid states [241.

The temperature ranges of the available thermal codciiydata together with

the source references are given In the following table.

Thermal Conductivity of Aluminum

Temwerature Range (K) Reference Remaurks

0-8500 24 Recommended reference values; solid and
liquid states.

389-1073 28 Solid and liquid sates.

298-1173 3 solid and liquid states.

273-1073 25a Solid and liquid states.

973-1273 41 Solid and liquid states.
933-1873 39 Liquid state.

933-8650 21 Liquid statea; calculated froxm electrical resis-
tivity according to the Wiedemann-Franz-
Lorez Law.

b. Aluminumn Allo~y 7075-T6

The melting range of aluminum alloy 7075-T6 is from. 750 to 911 L. This alloy

is also dessigpated as 759-T6. Exeietldat on the thermal codciiyof alum-

mum allay '7075-T6 are available up to 700 K and can be exrpltdto the melting

point without large uncertant.

No Information Is available for the molten alloy,. However, since this allay conains

about 90% alumlma, the ratio of the thermal conductivities of the solid and of the liquid

alumluma at the melting point, k./k1 , may he used as a guide for the rouea estimation
of the thermal codciv of this alloy in the molten state.

noe temperatur, ran ge of the available thermal codciit16 atgahrwt

the aosc references are given In the following table.

7



Thermal Conductivity of Aluminum Alloy 7075-T6

TeweabeRaome (K) Reference Ranarks

117-702 33 758-T6.

311-700 54 Not origial.
117-700 32 Desity, thermal 0XPanSiOU 06cffCt sPecifi

heat, and thermal diffusivity also reported.
117-622 1

273-573 26 758-T6.

c. Titanium

The melting pown of pure titanium Is 1953 L. There are plenty of thermal
conucivtydat from room tmeature to about 1700 L. TPRC baa generated the

recommended thermal conductivity values covering the range 0 to 1950 K [241.

No information 1s available for the thermal conductivity of molten titanium.
However, since there are electrical resistivity dat for pure titanium up to the melting

point and above, thermal conductivity of titanium can possibly be estimated for the molten

state. The teprture ranges of the available thermal conductivity and electrical re-

sistivity data together with the smoe references are given in the following two tables.

Thermal Conductivity of Titanium

Temperature Age (K) Reference Remarks

0-1950 24 Recommned values.
1006-1499 53,52 Calculated, from thermal diffusivity using dif-

ferent values of specific heat.
1106-1497 19,49 Electrical resistivity and Lorema number-also

reported up to 1500 L.
753-1606 43 Calculated from thermal diffusivity.

00-1700 53 Calculated from thermadimialvty.

300-1400 34 Measured for bulk and porous specimens;
thermal OWpmloU oonfflciat and electrical
resistivity also reporteid.

1000-1700 2 Thermal diffiasivit heat capacity, and elec-
trical. resistivityr also reported; data fom
other refeences Presu mted

1000-1700 15 Hat capait and eletica restativity also
reporte VP to 1700 K; w&ite in Rimsian
seem to be origins!

1000-1500 53 Cacltu"rM teral dIwadvity usin dif-
f me vale of ap"eom heat

1100-1500 19 Effsot cIfhas Nr matlom from .p. h
to b.a.oe. in titeam stdd.



Electrical Resistivity of Titanium

Tenmeratre Range (K) Refereuce Remarks
273-1473 17 Data compiled from odr refermoes.

1100-1500 19 Effect of phase Iafmiat from a.p.h.
to b.c.e. In tiuam studs&

273-2000 9 Eleotrload resistivity of d-trua n metals
on melting meuurod; rstio of electrical
resistivties above the melting pait ad
below melting pot reorted; theoretical
value of the ratio reported from referoe
[1) of this paper.

1000-1750 51

1200-1900 29 99.86 Ti.

300-1400 38 Resistivity and total emissivity of commercial
titanium measured.

332-1935 20 Compiled data (see their Refereme 531.

d. Titanium Alloy 6AI-4V

The melting range of titanium alloy 6AI-4V is from 1877 to 1933 K. This aoy

has the following various desigatioms 1501 :

Republic Steel Co.. Titanium Metal DivisioO: Ti-6AI-4V
Special Metal Division: RS-120A

Crucible Steel Co.. Titanium Division: C-120AV

Harvey Aluminum Co., Titanium Division: HA-6510

Reactive Metal Products: MT-6AI-4V

Aeromautical Material Specflcatioion: 4928A

Military designation: OS-10737

Both thermal conductivity and electrical resistivity data for Weis alloy have boew

reported up to about 1200 K. However, most of the data are rm ompan Iiture

and, therefore, they are only nominal values. There is no daft availae at all above

1200 K at the present time.

one way to oW"i estmLtes of the thermal couotivit values of the sold nar

the melting point is to extrpolaft the thermal vi curve to the melat point

following the thermal oomdoctivily curve of pure titanium. The FaPdmM am be

doue reasombly well by adjusting the thermal cdutVit values to be coMe MMi
the electrical resistivity values tapollted in a simflar way. At 1089 K the thsemi

o Aduovty of t differs onlay by about 2% from that of pure Vi m. T1e i-
feream C betwem mWit decrease Siner at OWhir tsmapW M. TW e Is

9



extrpoltedthermal cooductivily values user the melting point will be fSoly reanIs
and the uncertantes will be within abot 10%.

No Information in available for the thermal actvt we this alyin soe =ol=
state. Rough estimates might be obtained by asuming that ksAj of Uhs allay at the
melting point ts the same as tha of pure titsi, which, however, Is also a rug
estimlate.

The temperature ranges ot the available thermal c--ctvt and electrical
resistivity of thio alloy are given in the following Wo tbe.

Thermal Conduactivity of Titanium Alloy WA-4V

Tenerature Range (NE) Reference Remarks.
311-811 7 Electrical resistivity reportsd.
422-922 37ii300-1173 23 Literature data reported including those on

density and speciffc heat.
293-144 6 Nomhin. values from a oconpaxy bulletin.

33-1089 8 Compiled data.

Electrical Resistivity of Titanium Alloy 6A1-4V

Temp~erature Range (K) eerneRemarks

311-1256 5 compiled data.

293-1173 22 AR/B reported.
0

s. Magoesitum + Aluminum Alloys

* The melting rangee of Mg + Al alloys are from 923 (pure Mg) to above 710 K
depending on the cmoi Ion. sh olubility of Al in Mg is about 12.7% AL Thermal

comductl to Mg + Al alloys have been reported up to 736 L. TPRC has already pa-
mated. the recommended electrical resistivity values for the solid solution region up
to near the melting point and is gemrtin the rec1 MMomeded thermal I d~tivtty valuesg.

Thermal conductivity or electrical resistivity dat for umolt.. Mg + Al alloys
havenotbeen reporte. Rough estimate oethermal codi vIty,the moten
state migh be made by assuming that the ratio at the electrical re-sAtovte o the soid
and of the molten alloy. p/ft at the melting point is the magso an #hat ad pe mapseimn.

The tempera ture r -ane at the available thermal Poc wi ntivily, and etricel
resistvly dolta together wit the soure refereeee wre gives is the folloing t tobles.
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Thermal Conduotiviy of Mg + Al Alloys

Temneratir Rn (K) Ref erence Remarkcs
373-623 36 11% and 6% Al alloys.
375-736 18 0. 8%Al alloy.
387-674 18 ?dagnoxn; 8 . 9% Al, 0. 501%e Zn, and 0. 2% Mm.
293-773 40 MAVfo B; 1.0% Al and! 0. 002-0. 003% 3e; data.

for pure Mg and MWz thrM alloys also
reported up to 773 K.

87-476 35 6%, 8%, awl 12% Al alloys.

Electrical Resistivity of Mg + Al Alloys

Temperature, iAM (K) Ref erence Remarks
293.2 44 9 specimens with composition rangi" from

0. 32 to 2.67% Al.
293-773 40 Magw= B; 1. 0% Al awl 0. 002-0.003% Be.

87-476 35 6%, 8%, and 12% Al alloys.

f. Stainless Steels 304 and 347

The melting range at stainless steel 3041is from 1672 to 1728 K and that of
stainless steel 347 is fromn 1672 to 1700 K.

Russian 18-8 stainess steel seems to be the same alloy as the stainless steel
304. Stainless steel 304L is not the same as the stainless steel 304 but the amount of
each of Its constituents is within 1 or 2% of that of the stainless steel 304. Therefore,
the dat for stainless steel 304L can possibly be used as a guide to extrapolate the dat
for stainless steel 304.

Experimental dat for the thermal conductivity of stainles steel 304 are availble
up to 1225 K and! those for stainless steel 347 up to 1543 K. TPIC baa recommended
values for the thermal co- ctvt of stainless steels 304 and 347 up to the melting point

1461.

NO exeimental data awe avalable for the thermal -ondutivity of either stailbs
steel 304 or 347 In the molten state. However, mime the ratios of electrical remslv-
tie of the liquid and of the solid, Pj/sat the meltin Point Of pure elmm To. Ni,
sad Cr (theoretical value) are available 19, 551, p,/p. of stainless steed 30 sad of 347
an probabl be estimated by simple mixing rule. Thus, tiu electricial rslavy at
malten stainle steels 304 and 347 can be roughly estimate, from which the therald

7- ed-ttvfly can be extimate roqhbly.



The temperature ranges of the available thermal onduativlty and electrical

resistivity dat together with the source refeences are given in the following tables.

No data were uncovered for the electrical resistivity of stainless steel 347 at high

temperatures.

Thermal Conductivity of Stainles Stee 304

Te me e BEE (K) efereneem
923-1082 45 Extr lated up to 1600 K.
373-998 4 Not origil; discussed about TPRCts recommend-

atWon of the thermal conductivity of stainless
steel 304; etrapolated up to 1623 L.

373-998 10 Original data source of the above reference.

442-1225 30 18-8 stainless steel.

573-1673 11,12 Stainless steel 304L.

404-1264 47 Stainless steel 304L.

300-1200 48 Electrical resistivity also reported.

Electrical Resistivity of Stainless Steel 304

Temperature Range (K) Reference Remarks

300-1200 48

373-973 30 18-8 stainless steel.

299-1651 11 304L.

295-1273 47 304L.

Thermal Conductivity of Stainless Steel 347

Tenmersture Wange (K) Referne Remarks

362-1174 33

330-1543 14,13

273-1173 2W2a 5b
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B. Thermal Diffusivity

a. Aluminum

One set of experimental data [191 in the liquid state is available. The values

in Ref. 5 are calculated from the TPRC recommended thermal conductivity and the

selected values of specific heat and density. These values agree with those In Ref. 4

at M. P. in solid state and agree well with the general trend of the results of Refs. 1

and 3. In liquid state the values are believed to be good within + 10% of the true values.

Schriempf's liquid phase data [19] show a trend of negative temperature dependence

which s probably due to the thermocouple response error. The values in Ref. 5 had

been revised and extended to higher temperatures to become TPRC's recommended

values covering up to 8000 K.

The temperature ranges of the available data together with the source references

are given in the following table.

Thermal Difftuivity of Aluminum

Temperature Range (K) Reference Remarks

365-754 1 General trend of temperature dependence con-
349-823 1 f sistent among the three curves.
340-829 1

326-799 2 Temperature dependence markedly different
from the above set of curves.

295-408 3 Temperature range narrow, supersedes the
above 4 curves only barely but temperature
range is seen to agree with those of Ref. 1.

933 4 Solid state at M. P.

1-1500 5 Calculated from TPRC recommended thermal
conductivity, specific heat, and density.

293-1073 19 In solid and liquid states.

2-8000 20 Recommended values.

b. Aluminum Alloy 7075-TO

No experimental data are available in the liquid state. In solid state, no data

are available above 793 K. To obtain values beyond this temperature, three methods

are presently applicable:

(1) If the thermal conductivity in the liquid state is known, then the diffusivity

4can be calculated from the thermal conductivity, the specific heat, and the

density. Usually those data are not available, but for specific heat and
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density the values can be calculated from that of each of the component

element with reasonable reliability, more reliable than In the solid state,

by the simple additive formula

Ps o cP, (1)

where Pi indicates the property of the ith component andi c is its commtrlon

in the alloy. Even the thermal conductivity values in liquid state may be

calculated using a formula similar to the one given by Filippov and Novoselova
[8]1:

ka=' c, 1 - 0. 72 ki-k cc (2)

though the accuracy of the result is questionable.

(2) We may correlate the values of o6/% of the elements at M. P., then generate

a simple relation for the alloy and calculate the value in the liquid state from

the known solid state value. This method cannot generate values beyond the

immediate neighborhood of M. P.

(3) Thermal diffusivity values may be calculated from a formula similar to Eq.

(2). Actually, all three methods may be used to complement each other

to obtain the best result.

The temperature ranges of the available data together with the source references

are given in the following table.

Thermal Diffusivity of Aluminum Alloy 7075-T6

Temperature Range (K) Reference Remarks

348.2 6

373-643 6

348-793 6

348,473 6

348-633 6

373-603 6

513,653 6

473,673 6

348-583 6

773,783 6

116-700 7 Calculated from measured thermal oeduotvity,
specific heat, and density.

144-700 7 Same as above.
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c. Titanium

Recmmededvalues are available up to the melting point, but no xperlnol

data or estimated values are available for the liquid astt. However, value fw or

liquid state can be calculated from the thermal cnductivity, the specific heat, and the

density values.

V!The tmeareranges of the available dat together with the &our*e refermnoe

are given In the following table.

Thermal Diffusivity of Titanium

Temperature Range (K) Reference Remarks
j1168-1598 9

1023-1506 10 Values lower than others.

1056-1662 11 Values relatively high.

885-1596 12
1000-1700 13 Values high.

1-1953 5 Calculated from TPRC recommended thermal
conductivity and selected specific heat and
density.

1-1953 20 Recommended values.

* d. Titanium Alloy 6A1-4V

4 t In solid state the thermal diffusivity have been measured up to 1183 K, about
740 K below the melting point. No dafta are available for the liquid state. For extrap
olation of data to higher temperatures and for estimation of values for the molten aloy,

* the same methods as those discussed in the section on aluminum alloy 7075-T6 way
be used.

The temperature ranges of the avalable, data together with the source references
are given in the following table.

Thermal Diffusivity of Titanium Alloy 6A1-4V

Tenerature Rlange (K) Reference Remarks

398-1118 6
448-1023 6
373-1183 6
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e. Magnesium + Alumium Alloys

Experimental daft are available up to 623 K fr on. alloy ad up to S K for

another. For extrapolsation and estimation of values In the vicinity ofte nestlq poit

the same meods s those discumed in the sectlm an aluminum allay 7075-T ioy

be used.

The teerntu e ranes at the available data together with the source refsremos

are given in the following table.

Thermal Diffusivily of Magnesium + Alumizm Aloy

Tenperature Papm (K) Reference Rmrks

116-589 14 94.34/95.94 Mg, 2.5/3.5 Al, 0.7/1.3 Z,
0.2 Un, and others.

116-589 14 Same an above.

298-623 15 95.3 Mg, 3. O Al, 1.0 Zn, 0.2 Mn, and others.

f. Stainless Steels 304 and 347

No data are available in the vicinity of the melting point. For extimatlon of such

values, the same methods as those discussed in the section on alumlnu alloy 7075-T6

may be used.

The temperature ranges of the available data together with the source references

are given In the following two tables.

Thermal Diffusivity of Stainless Steel 304

Temperature Range (K) Reference Remarks

291-1261 16 Data consistent.

403-1243 16 Data consistent.

460-1273 16 Data consistent.

1043 16 Data consistent.

552-1390 17 Having larger temperature dependence and
higher values.

580-1379 17 Same as above.
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Thermal Diffusivity at Stainless Steel 347

TeMpeatur BuMO WK eference Remarks

293-1151 16 Dat oasitet.
361-1097 16 Data, oomistat.
490-136 16 Data cmultent.
343-1113 16 Dat onsstent.

615-1030 18 Dat omisteut.
117-1255 14 Dat consistent.
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C. Thermal Expansion

a. Aumimim

TPRC Report 16 [1] contains values for the density of alumsium from roam
tmperatur to 600 K above the melting point. We also have eperimena dat am flw-

malinea expansion within two degrees of the melting point. On the basis of tds
Infermatlon, obtaining thermal expansion information on alumimm above and below the

meltf point seems to be no problem.

The temperatare ranges of the available data together with the source reterenoes

are given in the following table.

Thermal Expansion of Aluminmn

Temperature Range (K) Reference Remarks

0-1600 1 Data on density.

523-923 2 Experimental data.

293-773 3 Experimental data.

293-773 4 Experimental data

293-873 5 Experimental data.

503-929 6 Experimental data.
293-873 7 Experimental data.

273-923 8 Experimental data.

300-900 9 Experimental data.

82-896 10 Experimental data.

293-927 11 Experimental data.

473-931 12 Experimental data.

600-864 13 Experimental data.

273-923 14 Experimental data.

melting point 15 Percent volume change, experimental data.
melting point 16 Theory and other researchers experimental

data.

melting point 17 Percent volume change, asolid, Oliquid;
summary paper.

293-873 18 Experimental data.

297-811 42 Experimental data.
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b. Alumninum Alloy 7075-T6

Mos o the needed information is in TPRC report 161(1). This report hasox

dniyvalues welabove and below the melting point. We have exeraeta u

to 700 K; this can be exrpolated up to the melting point byv using the slope of the

p vs T curve In Ref. 1 around the melting point. Also these values can be compared

to values eraoated from our daft using the principle of the corr es-poin states.

The tmeaneranges of the avilable data together with the source referenoes

are given in the following table.

Thermal Expansion of Aluminum Alloy 7075-T6

Tenmerature Range WK Reference Remarks

0-2400 1 Data on density.

116-699 19 Experimental data.

18-573 20 Experimental datae

293- 573 21 Experimental dafta (2 curves).

c. Titanium

TPRC Report 16 has most of the desired information for the density of titanium

above and below the melting point. The other experimena dat may be extapoa

to the melting point by using the principle of the corresponding states. Therefore, the

thermal expansion of titanium can be obtained above and below the melting point.

The temperature rane of the available data together with the source references

are given in the following table.

Thermal Expansion of Titanium

Temperature Ranme WK Reference Remarks

0-2400 1 Data on density.
293,1473 22 Experimental data.

330-1273 23 Exermental data.

74-1294 24 Experimental dat.
273-1273 25 Experxena data.

311-1100 26 Experimental data.

293-1699 27 Experimental dat (2 curves).
294-1180 28 Experimental data.
381-1119 29 Experimental data.
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d. Titanium Alloy 6AI-4V

We can probably extrapolate the experimental data to the melting point. These

values could then be checked using the density values for titanium alloy A-11OAT in

ReL 1 am a guide. The density values of alloy A-110AT could also be umed as a frat

approximation for the thermal expansion of alloy 6AI-4V above the melting point. Alo,

the mixing rule: P = f Di xi could be used to check these values above the melting point.

The resulting values for alloy 6A1-4V would have greater uncertainty above the melting

point than those predictions for Al, 7075-Th, and Ti previously mentioned.

The temperature ranges of the available data together with the source references

are given in the following table.

Thermal Expansion of Titanium Alloy 6AI-4V

Temperature Range (K) Reference Remarks

293-1699 27 Experimental data (2 curves).

4-922 30 Experimental data.

310-922 31 Experimental data (4 curves).

275-1366 42 Experimental data.

e. Mag esium + Aluminum Alloys

The melting ranges of Mg-Al alloys are between about 710 and 293 K depending

on composition. The available data can probably be extrapolated to the melting point

for any composition between 55-99% Mg. Thermal expansion above the melting point

may be calculated from the mixing rule. The melting point for a specific composition

will have to be read from a phase diagram which may have unknown uncertainty. As

a result, thermal expansion will have more uncertainty above the melting point since

the melting point may be uncertain and the accuracy of the mixing rule Is unknown in

this region.

The temperature ranges of the available data together with the source references

are given In the following table.

'I ~ ~26 v>--
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Thermal Expaeson of Magnesium + Aluminum Alays

Temperature Rance (K) Reference CoMiUo Remarks

293-573 32 9O-96% 10-4% Experimental data (9 curves).

293-673 32 90 10 Expermetaldata (2 curves).

293-573 32 .-96 4 Experimental data (2 curves).

293-573 33 94 6 perneaWl data.

273-673 34 57-98 43-2 Experimental data (14 curves).

293-673 35 99 1 Experimental data.

83-673 36 .- 96 3 ExperImentl data (3 curves).

293-673 37 55-97 45-3 Experimental data (8 curves).

f. Stainless Stels 304 and 347

No experimental data are available near the melting point. Some density information

is given in Ref. 1. The estimation of thermal expansion to the melting point may be pos-

sible by extrapolating the information from Ref. 1 to the melting point. The mixing rule

could possibly be used above the melting point. Again, however, the results from the

mixing rule here may be rather umcertain.

Information for stainless steel 347 i slightly better than that for 304 because

more high-temperature data for 347 are available. However, the rest of the situation

is essentially the same. There is no experimental data above the melting point. The

thermal expansion to the melting point may possibly be estimated by extrapolating the

Information from Ref. I to the melting point. The mixing rule could possibly be used

above the melting point.

The temperature ranges of the available data together with the source references

are given In the following two tables.

Thermal Expansion of Stainless Steel 304

Temperature Rane (K) Reference Remarks

0-1600 1 Data on density only.

89-811 38 Experimental data.

293-806 39 Experimental data.

297-922 43 Experimental data.
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Thermal Expansion of Stainless Steel 347

Temperature Rame (K) Reference Remarks

116-1144 19 Experimental data.

367-1311 40 Experimental data.

300-1494 41 Experimental data.

83-1273 36 Experimental data.

297-1140 42 Experimental data.

294-1255 44 Experimental data.

0-1600 1 Data on density only.
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D. Specific Heat

a. Aluminum

Experimental data and recommended values are available below and above the
melting point. The temperature ranges of the available evaluated data together with
the source references are given below.

Specific Heat of Aluminum

Temperature Range (K) Reference Remarks
0.1-3000 4 Good coverage.
0.1-2800 13 Excellent coverage, Tm and &Hm well established,

Cpof liquid also well established.
0-2800 14 Good coverage.

b. Aluminum Alloy 7075-T6

No experimental data are available in the vicinity of the melting point. However,

the data can be extrapolated or estimated to the melting point in the solid state, and!
estimated values for the liquid state are obtainable from the Cpvalues of the constituent
elements using empirical relations and/or the Kopp-Neumann rule.

The temperature ranges of the available data together with the source references
are given in the following table.

Specific Heat of Aluminum Alloy 7075-T6

Temperature Range (K) Reference Remarks
273-573 10 Applies theoretical model c = 3nR/M; agreement

poor.
311-644 11 Compilation.

1-800 4 Tm = 750-911 K; also density for 0-2400 K.

c. Titanium

Sufficient data are available. The temperature ranges of the available data
together with the source references are given below.
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Specific Heat of Titanium

Temperature Range (K) Reference Remaic

1-3000 4 Good coverage.

1-3600 13 Good coverage.

0-4000 14 Good ooverage.

1969-2315 15 Also reports ARm .

298-2500 16 Compilation, gives Tm and AHm.

298-3500 17 Same as above.

1400-1850 18

320-1800 19

1000-1700 20

400-1900 21

d. Titanium Alloy 6AI-4V

No data are available in the vicinity of the melting point. Values may be estimated

from the Cp values of the constituent elements using empirical relations and/or the Kapp-

Neumann rule.

The temperature ranges of the available data together with the source references

are given in the following table.

Specific Heat of Titanium Alloy 6AI-4V

Temperature Range (K) Reference Remarks

488-922 5

273-1144 6

293-1144 7 Tm 1803-1908 K.

293-1144 8

Tm = 1866 K 9

e. Magnesium + Aluminum Alloys

Complete information for only one alloy is available. Since specific heat data

are available for Al and Mg, rough estimation of the values for various magnesium +

aluminum alloys can be made using various empirical relations and/or Kopp-Neuman

rule.

The temperature range of the available data as well as other information in given

below.

I3



Specific Heat of Magnesium + Aluminum Alloys

Temperature Range (K) Reference Remarks

280-1080 1 Alloy AZ-80; 8 Al, 0.55 Zn, 0.141 Mn, also
gives &H..

f. Stainless Steels 304 and 347

The available data for the solid can be extrapolated to the melting point.

No data are available for the molten steels. From the Cp values of the constituent

elements in the liquid state using empirical relations and/or Kopp-Neumann rule, values

for stainless steels 304 and 347 in the liquid range can be estimated.

The temperature ranges of the available data together with the source references

are given below.

Specific Heat of Stainless Steel 304

Temperature Range (K) Reference Remarks

473-1623 2

Tm = 1673 3

373-1366 4

Specific Heat of Stainless Steel 347

Temperature Range (K) Reference Remarks

1-1500 4 Reports also density for 0-1600 K.

451-1493 12

g. References

Ref. TPRC
No. No.

1 24547 McDonald, R.A. and Stull, D.R. , "Heat Content, Specific Heat, and Heat
of Melting of Magnesium Alloy AZ-80 from 280 to 1080 K, "J. Chem.
Eng. Data, 6, 609-10, 1966.

2 53604 Feith, A.D., Hein, R.A., Johnstone, C.P., and Flagell, P.N.,
"Thermophysical Properties of Low Carbon 304 Stainless Steel to
1350 C," Proc. of Eighth Conference on Thermal Conductivity, TPRC,
Purdue University, Nuclear Systems Programs, General Electric Co.,
Cincinnati, Ohio, Plenum Press, N.Y., 1051-65, 1969.

3 54190 Brassfleld, H.C., White, J.F., SJodahl, L.H., and Bittle, J.T., "Reo-
ommended Property and Reaction Kinetics Data for Use in Evaluating
a Light Water Cooled Reactor Loss of Coolant Incident Involving Zircaloy-
4- or 304 os-Clad Uranium Dicacde," Missile and Space Div., Gomsral
Electric Co., Cincinnati, Ohio, GEMP-482, 89 pp., 1968.

34



Ref. TPRC
No. No.

4 Touloulan, Y. S., "Recommended Values of the Thermophysical
Properties of Eight Alloys, Major Constituents and Their Ooddes,"
TPRC Rept. 16, Purdue University, L.afayette, 1.1., 1966.

5 31540 McGee, W.Ii. and Mathews, B. R., Itemaio of Design Dats
for Heat Treated Titanium Alloy Shet. Vol. 2A. Details at Data Col-
lection Program. Test Techniques and Results for Tension, Compression,
Bearing, Shear, Crippling, Joints, and Physical Properties,"1 Lockheed
Georgia Co., Marietta, Georgia, U. S& Air Force Rapt. ASD-TDR-62-335 I
(Part 2A) , 413 pp. , 1962. [AD 298 7651

6 16736 Holladay, J. W., "Memorandum on Thermal Properties of Titanium
and Titanium All," Battelle Memorial Insttute Memo. 1, 23 pp.,
1958.

7 10941 Crucible Steel Co. of America, "Crucible C-120AV Titanium Base
Alloy,"11Data Sheet C-120"V, 11lpp., 1958.

8 20360 Maykuth, D. J. , Holden, F.C. , William, D. N. , Ogden, H. R. , and
Jaffee, R. I., "The Effects of Alloying Elements in Titanium. Vol. B.
Physical and Chemical Properties. Deformation and Transformation
Characteristics,"1 DM[C Rept. 136B, 150 pp., 1960. JAD260 2261

9 43639 Williams, D. N. , "Thermal Expansion of Beta-Titanium., "1Trams. Met.
Soc., AIM, 221, 411-21, 1961.

10 10106 Jackson, L. R. , "Material Properties for Design of Airframe Structures
to Operate at High Temperatures, "1 TML Rept. 38, 60 pp., 1956. [AD 909 483

ii 16987 Adolphson, D.R., "Elevated Temperature Properties of 7075-T lm
inum Alloy,"1 USAEC Rept. SCTM-299-58/161, 23 pp., 1958.

12 6453 Lang, L. I., "Specific Heat of Materials,"1 From Thermoynmc and
Traagft roerties of Gases, Liquids, and Solids, ASME ym.on

Thera Properties, 405-14, 1959.

13 Hultgren, R. , Desal, P. D. , Hawkins, D. T. , Glelker, M. . Kelley,
K. K. , and Wagman, D. D. , "1Selected Values of the Thermodynamic
Properties of Elements, "1American Society for Metals, 636 pp., 1973.

14 Stull, D. R. and Prophet, H., "JAN"F Thermochemical Tables, Second
Edition,"1 Not. Stand. Ref. Data Ser., Nat. Bur. Stand. (US), NSRDS-NBS
1971.

15 64418 Treverton, J. A. and Margrave, J. L., "1Enthalpies of Fusion and Heat
Capacities for the Liquid Phases of Iron, Titanium, and Vanadium,"
J. Chem. Thermodyn., 3(4), 473-81, 1971.

16 7006 Glassner, A., "The Thermochemical Properties of the Oides, Fluorides,j ~and Chlorides to 2500 K,"1 Stq~t. of Documents, U. S. GoenetPrinting
Office, ANL-5750, 70 pp., 1957.

35



Ref. TPRC
No. No.

17 16952 Douglas, T. B. miniVictor, A. C. * "High Temperature Hest Contents,"
From Preliminary Report on the Thermodynamic Properties of Selected
Light-Element Compond, NES Rapt. 6645, 19-31, 1960.

18 33943 Shestopal, V. 0., "~Specific Heat andl Vacancy Formation in Titanium
at High Temper atures,"1 Soy. Plays. -Solid State, !( 11), 2798-9, 1966.

19 38554 Kohlaa, R., Braunx, M., and Vollmer, 0., "Atomic Heat of TI,
V, and Cr in the High Temperature Rampe,"1 Z. Naturforsoh., 20A,
1077-9, 1965.

20 70104 Filippov, L.P., "Research of Thermopbysical Properties at the Moscow
State University," 11It. J. Heat-Mass Transfer, 16(5), 865-85, 1973.

21 47947 Affortit, C., "Specific Heat Measurements on Metals Up to Their Melting
Point, "USAEC Rept. CEA-R-3287, 63 pp., 1967.

36



E. Heat of Fusion

a. Aluminum

Experimental data and recommended value for the heat of fusion of aluminm

are available [1].

b. Aluminumn Alloy 7075-T6

No data were uncovered from a limited search of literature. Estimated value
may be obtained from values of the constituent elements using empirical relations and/or

the Kopp-Neuman rule.

c. Titanium

Experimental data and selected value for the heat of fusion of titanium are available

[2-41.

d. Titanium Alloy 6A1-4V

No data were uncovered from a limited search of literature. Estimated value
may be obtained from values of the constituent elements using empirical relations and/or
the Kopp-Neumann rule.

e. Magnesium + Aluminum Alloys

Experimental data are available for only one alloy [51. The values for the other
alloys may be estimated from values of the constituent elements using empirical rela-

tions and/or the Kopp-Neumann rule.

f. Stainless Steels 304 and 347

No data were uncovered from a limited search of literature. Estimated values

may be obtained from values of the constituent elements using empirical relations and/or

the Kopp-Neumnmm rule.
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